Integration of functional particles such as superabsorbent or zeolite powders into a roll good provides a way of imparting a virtually unlimited range of desired properties to a twodimensional structure. This paper examines and compares the efficiency of various powder containment methods and their effect on properties such as absorbent capacity and fluid permeability. Methods of particle containment and/or immobilization include particle-to-particle adhesion, particle-tofiber adhesion, and powder entrapment between bonded fibers.
Introduction
The paper takes an overview of a specialized class of engineered fabric structures -nonwoven and air laid roll goods that contain functional particles. These nonwoven/particulate composites may to take the form of an immobilized powder layer laminated between two nonwoven layers or an intermingled blend of fibers and particulate. We will especially be looking how the particular design, structure, and bonding mechanism of nonwoven/particle composites influence the performance of the particles as well as the functionality of the composites in simulated applications. With exception of the air laid pulp materials the sample structures discussed in this paper were produced by processes proprietary to the BBA Sorbent Materials Group.
Types of Particle/Nonwoven Composites
The first type of nonwoven/functional particle composites to be discussed will be called a cage design in that the particles are contained within, but not necessarily bonded to, a fiber matrix. Some fiber to particle bonds may exist within the structure but the primary mechanism for particle immobilization is by surrounding the particles with fibers. There are, however, sufficient fiber to fiber bonds to give the material integrity as a functional roll good. The mechanism of particle containment in this class of bonded fiber structure is not in principle much different from the mechanism of superabsorbent polymer (SAP) particle containment in a typical diaper core. An example of a cage structure is an air laid pulp/SAP/binder fiber material shown in the Figure 1 . The web strength of this material is generated primarily through thermoplastic bicomponent fiber to pulp fiber bonds and adhesive latex to pulp fiber bonds. The fraction of thermoplastic and adhesive resin is typically less than 15% of the web weight while the balance of the material is divided between the SAP particles and fluff pulp fibers.
A second type of nonwoven particle composite is a bonded TAINED WITHIN A MATRIX CAGE OF PULP  FIBERS THAT ARE BONDED WITH A SMALL  PERCENTAGE OF THERMOPLASTIC  BICOMPONENT FIBERS layer of particles that are sandwiched between two preformed roll goods. Individual particles are immobilized by particles to particle bonds that can be created by blending in adhesive powders or resins and passing the composite structure through an oven to activate the adhesive. Figure 2A shows this kind of sandwich construction where a blend of superabsorbent particles (SAP) and zeolite particles are bonded together with an adhesive resin between nonwoven layers comprised of polypropylene SMS. Figure 2B show a close up of the two different functional particles. The combination of two particles imparts two distinctive function to the laminate; 1) liquid absorption and retention from the SAP and 2) adsorption and entrapment of contaminant molecules by the zeolite particles that could otherwise become a noxious odor or other undesirable vapor phase contaminant A third composite structure is a high porosity bicomponent fiber matrix with functional particles distributed isotropically throughout the web as shown in Figure 3 . Individual particles are bonded to the sheath resin of the carded bicomponent fibers. This structure will be designated an FPB or fiber-to-particle bond material. The fiber to particle bonds allows particle immobilization in a lower density structure with greater void volume between particles than the cage and sandwich materials. The FPB process allows for a very high concentration of particles relative to fiber weight. For example, a particle to fiber weight ratio 10:1 or greater is practical in FPB structures vs. a maximum particle 1:1 particle/fiber ratio in fiber structures such as air laid pulp that depend principally on the cage effect for particle containment and immobilization. Figure 4 shows a higher magnification SEM of a FPB material showing the low degree of particle surface area that is bonded to the sheath resin of the bicomponent fibers. This characteristic has the effect keeping the maximum particle surface area exposed to perform its desired function.
Liquid Absorbency Performance
In this section we will compare the fluid absorbency characteristics of superabsorbent particles that are contained in a cage design vs. in a sandwich design. The cage material is a bonded fluff pulp/ SAP blend produced on a Kroyer/M&J type air forming line. The sandwich material is nonwoven/SAP/film laminate produced by a specialty lamination process. The composition of both sample materials is shown in Table 1 .
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Figure 2A SEM PHOTOGRAPH OF THE SANDWICH CONFIGURATION SHOWING BONDED SUPERABSORBENT AND ZEOLITE PARTICLES BETWEEN TWO POLYPROPYLENE SMS WEBS
Figure 2B CLOSE OF FUNCTIONAL PARTICLES IN SANDWICH CONFIGURATION SHOWING A LIQUID ABSORBING SUPERABSORBENT PAR-TICLE ON THE LEFT AND A POROUS ZEO-LITE PARTICLE ON THE RIGHT Table 1 COMPOSITION BY WEIGHT OF THE AIR LAID AND THE SANDWICH MATERIALS CONTAIN-ING A SUPERABSORBENT POLYMER AS THE FUNCTIONAL PARTICLE
We compared the fluid absorption and retention performance by placing a sample of each material in bath of room temperature water that contained 0.2% of NaCl under a weighed plated that exerted a force of 0.1 psi. The samples remained in the bath for 20 minutes to insure that the SAP particles would reach full capacity. The samples were removed from the bath and drained for 1 minute while still under the 0.1-psi compression.
The resulting absorbency data is shown in Table 2 along with the comparable absorbency of 100% unbonded fluff pulp. Note that the gr/gr absorbency of the sandwich structure is much greater than the air laid structure. This is in part because the higher weight percent of SAP in the sandwich material (73%) is greater than that of the air laid material (35%). Hence a principle feature of a sandwich configuration is that allows a high concentration of functional particles relative to nonwoven basis weight.
An interesting comparison is the relative gr/gr fluid absorbency of the only the SAP particles in each structure. We estimate these values by backing out the known fluid absorbency per gram of fluid of the other raw materials in each composite structure. For a hydrophilic polypropylene SMS the typical aqueous absorbency is 6 gr/(gr of SMS). The comparable value for fluff pulp is15.6 gr/(gr of pulp) under the 0.1 psi load as shown in Table 2 . We also make a key assumption that the bicomponent binder fibers have the same gr/gr absorbency as the fluff pulp. These values can be applied to the two examples to generate an estimate of the SAP particle absorbency in each composite. When can then solve the following equations for the air laid sample Air Laid Abs.gr/gr = (SAP%)*(SAP Abs.gr/gr) + Fiber%(Fiber Abs.gr/gr) 23.6 gr/gr = (.35)*(SAP Abs.gr/gr) + (.65)*(15.6) and for the sandwich sample Sandwich Abs.gr/gr = (SAP%)*(SAP Abs.gr/gr) + (Nonwoven %)(Fiber Abs.gr/gr) 33.6 gr/gr = (.72)*(SAP Abs.gr/gr) + (.11)* (6) to obtain a fluid absorbency of 38.4 gr/gr for the SAP in the air laid sample and 45.8 gr/gr for the SAP in the sandwich sample. Thus the SAP in the sandwich material absorbed 20% more saline that the SAP particles in the air laid material.
The most likely contribution to this difference is that the cage of bonded fluff pulp fibers restrained the SAP particles from completely swelling and thereby reaching their full capacity. A second possible source for the difference is that the pulp fibers competed with the SAP particles for the liquid. At low to moderate levels of saturation SAP particles have little difficulty in pulling aqueous fluids from around pulp or other hydrophilic fibers. As the SAP particles approach saturation their hydrostatic head declines to a point where they may no longer be able pull fluids into the gel matrix from the pulp fiber matrix. Testing the effect of fiber type and hydrophilicity on SAP absorbency in a fiber/SAP matrix is a perhaps a good topic for another paper. In addition to the mass of fluid absorbed, the two SAP/composite designs showed different swelling behaviors during fluid absorption. Table  3 shows the dry and post-saturated caliper of the air laid and the sandwich materials.
The percentage gain in material caliper when saturated is 226% higher for the sandwich material than for the air laid material even though the sandwich material absorbed only 42% fluid per gram than the air laid material. This behavior means that the sandwich design is more favored in applications where significant z-direction swelling is allowed or desirable. The air laid design is more favored where fluid is absorbed in a constrained space.
Selective Vapor Adsorbency Performance
This section discusses nonwoven/functional particle composites that selectively adsorb target components from a fluid stream. The functional particles in this section are activated carbon and the fluid stream is air.
Activated carbon particles are especially useful in removing volatile organic compounds (VOC) from an air stream. The removal is achieved when the VOC molecules diffuse from the surface of carbon particle into microfissures present in the particle. We placed the same grade and basis weight of activated carbon in both a sandwich and the fiber to particle bond (FPB) configuration. The two materials are described in Table 4 . The efficiency and capacity of the activated carbon in each structure was evaluated in the apparatus shown in Figure 5 . An air stream with a known concentration of a volatile contaminant is blown through the filter media. The gas phase concentration of the contaminant(s) immediately downstream of the filter media is monitored and recorded at 1 minute intervals. The difference in contaminant concentration before and after the absorption media divided by the initial contaminant concentration determines the efficiency of the molecular adsorption media. 
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Figure 5 DIAGRAM OF TEST APPARATUS FOR EVALUATING CONTAMI-NANT REMOVAL FROM AN AIR STREAM
The change in pressure drop and molecular contaminant removal efficiency in a fluid stream for a porous absorptive media such as activated carbon is quite different from that of a filter media for larger contaminants such as dust. Filtration efficiency and pressure drop increase in dust filtration media over exposure time. In contrast, the pressure drop remains constant and the contaminant removal efficiency steadily declines toward zero with increasing contaminant exposure with molecular adsorptive media. This is because the molecular contaminants are adsorbed into existing pores in the media particles. Since the absorptive particles do not swell as their pores acquire molecular contaminants the contaminants do not change the air permeability of the particle layer even with infinite exposure to the test air stream. This means the pressure drop across the media remains constant even as the particle pores become saturated with contaminants. Thus the capacity and efficiency of the activated carbon particle structure will be measured by the change in the contaminant concentration downstream of the test sample. When the concentration of contaminant downstream of the test sample becomes equal to the capacity of the upstream of the sample the media is deemed saturated and the test is complete. To keep the test time down to a manageable duration, the concentration of contaminant in the air stream is set at a level sufficient to saturate the adsorptive particle media within about one hour.
Adsorbency Test Results and Analysis
The test stream used to compare the sandwich and FPB materials described in Table 4 contained 80 ppm of toluene in an air stream that was blown through the test samples at a rate of 16 meters per minute. Figure 6 shows the plot comparing the percentage of the toluene adsorbed over time by each test material.
As discussed above, the fraction of toluene adsorbed by each media starts at near 100% for the initial vapor sample and proceeds to decline to 0% over time. Up to about 13 minutes into the test that toluene adsorbency is the same for both materials. After that, the amount of toluene adsorbed at a given instant by the activated carbon in the FPB media steadily becomes greater than that adsorb by the activated carbon in the sandwich media. The sandwich media absorbs only 50% of the toluene in the air stream at 16 minutes whereas the FPB media takes 19 minutes for its toluene adsorbency to fall to 50 percent. The comparable figures for 25% toluene adsorbency are 24 minutes for the sandwich and 31 minutes for the FPB material. The sandwich media becomes saturated after 31 minutes while the FBP media is not saturated until 38 minutes into the test.
If we integrate the area under each curve and adjust for slight differences test sample size (width X length) we calculate that the media in the FPB material adsorbed 0.107 gr(Toluene)/gr(carbon) at saturation while the media in the sandwich material adsorbed 0.0875 gr(Toluene)/gr(carbon) at saturation. Thus attaching the activated carbon media to a high loft bicomponent fiber matrix has both extended the filtration life and the usable capacity of the carbon particles by about 25%.
The reasons for the greater capacity and longer filtration life of the FPB material are almost certainly a function of the exposed surface area of the activated carbon particles. One likely reason for any difference in exposed particle surface are is that the adhesive resins of the sandwich material seals off a portion of the pores in the activated carbon particles that had been available to capture toluene. Some pore sealing certainly occurs if the FPB material but, as noted earlier, the binder resin on the sheath of the bicomponent fibers typically cover less than one per cent of the of the particle surface area. Flow of bicomponent fiber sheath resin across a large surface area of a functional particle is inhibited because: 1) the sheath resin has some affinity for the core resin and possibly 2) the sheath resin being in fiber form generally has both crystalline and amorphous components which broaden the thermal operating window of the particle to fiber bonding process. The thermoplastic adhesive resins used in the Sample 3 sandwich configuration are amorphous and thus tend to melt completely when heat activated.
Figure 6 THE CHANGE IN TOLUENE ADSORBENCY OVER EXPOSURE TIME FOR THE SANDWICH AND FPB MATERIALS
The other reason for greater surface area exposure for the FPB materials is that bicomponent fibers provide some degree of physical separation of the activated carbon particles. In the sandwich material the carbon particles have no separating fibers so that a greater fraction of particles surface area is sealed of for the air stream by particle to particle contact.
Conclusions
The principal conclusion from this paper is that in considering composites of functional particles and nonwoven fiber matrices the method by which the particles are imbedded and immobilized in the composite structure has a very significant impact on the functionality of those particles in use.
From the specific examples cited in this paper we can conclude:
• A cage structure requires a high concentration of matrix fiber relative to functional particle. This has the negative effect of inhibiting particle swelling during fluid absorption that can limit the fluid capacity of the material. One positive effect of this structure is that is contains an internal pore structure that a can allow some SAP particle swelling in confined spaces.
• The adhesive powders and resins required for the sandwich structure allow for a high basis weight of particles. The adhesives do not appear to inhibit the functionality of swelling particle but do appear to seal off functional surface area in non-swelling particles • The fiber to particle bond (FPB) allows for high surface area exposure at a high functional particle basis weight. This results in maximum particle utilization and efficiency
